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ABSTRACT
Legionella pneumophila is the number one cause of waterborne outbreaks in the US. It
contaminates man-made water systems increasing exposure risk for Legionnaire’s
Disease. Copper/silver ionization is one common method for managing L. pneumophila in
water systems, but bacterial response mechanisms to these metals are not well described
in Legionella. We identified an operon, lpg2105-2108, that is homologous to known
gold/copper response genes in Cupriavidus metallidurans. Using a GFP reporter gene
system, we measured transcriptional activity of the lpg2105-2108 operon in L.
pneumophila strain Lp02 in response to 20µM or 50µM of HAuCl4 or CuSO4 in planktonic
and biofilm cultures. We then used bioinformatic tools to assess the prevalence of the
operon in known as well as uncharacterized Legionella species. A constant basal level
expression was evident in all cultures, but a significant increase in expression was
observed in response to gold and copper addition during stationary phase. Analysis of the
LetA transcriptional regulatory mutant showed no difference in activity compared to the
wild type. Reporter gene analysis of the operon in E. coli DH5α, which lacks the operon in
its genome, showed basal level expression, but no response to gold or copper. We
hypothesize that the Legionella pneumophila gold induced genes (GIG) operon could play
a role in bacterial persistence in man-made aquatic systems. Understanding the
mechanism of bacterial response to gold and copper could lead to new targets for
disinfection and prevention of Legionella in water systems.
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INTRODUCTION
Legionella pneumophila
Legionella pneumophila, the etiological agent of Legionnaire’s Disease, is the number
one cause of waterborne outbreaks in the US (Centers for Disease, C., and Prevention,
2013). This Gram-negative bacteria exists ubiquitously in aquatic environments, both
natural and man-made. Legionella replicates in the environment as an intracellular
parasite of free-living protozoa, but the majority of Legionella in water systems are
associated with biofilms (Fields et al., 2002). The optimal temperature for growth is 35°C,
but Legionella can grow between 25°C and 42°C. Most cases of Legionnaire’s Disease can
be traced back to human-made aquatic systems where the water temperature is above
ambient temperature (Fields et al., 2002). Cooling towers, hot water heaters, fountains,
and air conditioning units have all served as sources of outbreaks.
When Legionella causes a disease, it is generally termed Legionellosis. In order to
contract Legionellosis, aerosolized water containing the bacteria must be inhaled by
someone who is susceptible, typically the elderly and immunocompromised. Person to
person transmission of Legionellosis does not occur. Inhalation of contaminated water
leads to the bacteria infecting alveolar macrophages in the lungs (Fields et al., 2002).
There are two distinct clinical presentations of Legionellosis, Legionnaire’s Disease and
Pontiac Fever. Legionnaire’s Disease is more severe, causing a potentially deadly
pneumonia, whereas Pontiac Fever is a self-limiting flu- like illness (Fields et al., 2002).
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The symptoms of Legionnaire’s Disease (non-productive cough, headache, and fever) are
not clinically distinguishable from other types of pneumonia, making diagnosis difficult.
When Legionella is suspected as the cause of the pneumonia, either a urine antigen test
is ordered, or a bronchial wash is conducted to gather bacteria, which will then be
cultured in a lab and tested for identification.
The Legionella genus is comprised of 50 species with over 70 serogroups. However,
not all Legionella species cause disease. Only 20 of the 50 known species have been
associated with clinical cases. Approximately 80% of Legionnaires Disease cases in the US
are caused by a single serogroup of L. pneumophila, serogroup 1. This number may be
inflated because the commonly used method for detection, the urine antigen test, only
tests for serogroup 1 strains. Legionnaire’s Disease overall is thought to be
underreported. The actual number of reported cases annually is about 4000, but the
estimated number of cases is between 8000 and 10,000. This underreporting could be the
result of clinicians not determining the cause of a patient’s pneumonia and simply treating
it as a general bacterial infection. (McDade, 2008, Fields et al., 2002)
Biofilms
Overview
Biofilms are groups of microorganisms that exist together adhered to a surface. These
complex communities produce a “glue” that keeps them attached to a surface. This “glue”
is matrix of extracellular polymeric substances, or EPS, that is secreted by the organisms
2

and made of extracellular DNA, proteins, and polysaccharides. Biofilms can form on any
surface, biotic or abiotic. The formation of a biofilm begins with the attachment of freefloating microorganisms to a surface using mechanisms like pili (Mah and O’Toole, 2001).
Over time, more microorganisms will attach to the matrix that is formed, creating a
multispecies biofilm.
The growth pattern of a biofilm is unique, going through distinct stages of
development (Figure 1, adapted from Monroe, 2007). First, there is attachment of cells
to the surface, followed by irreversible attachment. This allows the biofilm to become
established and begin maturation. Once the biofilm has matured, it goes through
dispersal events where cells from within the biofilm are released into the surrounding
environment and go on to colonize new areas. For Legionella, this dispersal event is the
essential step in disease exposure. When the cells are within the biofilm, they do not
typically pose a health risk. Only when released into the water column can the bacteria
be inhaled and cause disease.
It is almost impossible to prevent biofilm formation completely. They can form in any
moist environment including, but not limited to, showers, pipes, teeth, rocks, and even
on leaves and vegetables. Biofilms that form in water systems, specifically in potable
water settings, are of great concern. Drinking and bathing in water contaminated with
potential pathogens can lead to outbreaks of disease. Cholera, camplyobacteriosis, and
food poisoning are among the diseases that can arise from contaminated water systems.
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For this reason, water systems are treated by a variety of methods to prevent microbial
growth. Chlorine and chloramine are the most common disinfectants used in the US.
Other treatments include chlorine dioxide, UV radiation, hyperchlorination, bromine, and
copper/silver ionization.

Figure 1. Stages of Biofilm Development. Stage 1, initial attachment; stage 2,
irreversible attachment; stage 3, maturation I; stage 4, maturation II; stage 5,
dispersion. Each stage of development in the diagram is paired with an image of a
developing L. pneumophila biofilm. (adapted from Monroe, 2007)
(images taken by Dr. Terri Bruce)

Biofilm Resistance
Unfortunately, these treatments are not 100% effective at preventing and killing
bacteria in water systems because of the increased resistance generally associated with
biofilms. The most widely used disinfectant in fighting biofilms, active chlorine, is mostly
4

ineffective against biofilms of Pseudomonas aeruginosa, Listeria monocytogenes,
Escherichia coli O157:H7, Klebsiella pneumonia, and Legionella pneumophila (Drenkard,
2003; Folsom and Frank, 2006; Stewart and Olson, 1992; Garcia et al., 2007; Saby et al.
2005; Cooper and Hanlon, 2010; Mah and O’Toole, 2001). Schwartz et al. (2003) showed
that bacteria treated with UV rays were able to regenerate and proliferate more
effectively in water systems than untreated biofilms. According to Franklin et al. (1991),
low levels of bromine are ineffective at reducing bacterial populations, and the effective
concentration corrodes most piping. Copper/silver ionization is another common
disinfection method in large recirculating water systems, particularly industrial plumbing
systems. This treatment is marketed for the prevention of Legionella growth, but its
effectiveness is controversial (Rohr et al., 1999; Mathys et al., 2002; Stout and Yu, 2003;
Lin et al., 2011). Multiple studies have shown that high levels of copper inhibit the
growth and survival of Legionella. States et al. (1985), determined that higher iron and
potassium levels increased Legionella persistance, but growth and survival were
inhibited when concentrations became too high. Unfortunately, we cannot increase the
amount of these disinfectants in the water supply due to regulations in place to protect
those who drink it.
Biofilms develop resistant phenotypes upon attachment to surfaces (Meyer, 2003).
The first line of defense for a biofilm is the EPS. Multiple layers of cells and EPS create a
complex, dense structure that disinfectants cannot easily penetrate (Davies, 2003;
Meyer, 2003; Bridier et al., 2011), reducing the efficacy of disinfectants. For example,
5

chlorine levels in the center of a P. aeruginosa biofilm were 20% of those in the
concentration in the surrounding media (Bridier et al., 2011; Drenkard 2003).
Interactions between disinfectants and biofilm matrix components can also explain the
penetration limits of some disinfectants (Bridier et al 2011). The presence of organic
matter, such as proteins and nucleic acids, can impair efficacy by interacting with the
disinfectant before it reaches the biofilm (Bridier et al., 2011). When the protection
provided by the EPS is not enough to prevent an antimicrobial agent from reaching the
bacterial cells, genetic resistance mechanisms can be triggered. Whether it is oxidative
stress, temperature fluctuations, antibiotics, or disinfectants, bacteria have developed
genetic responses over time to survive these encounters (Boor, 2006).
Metal Response
Metal based treatments for biofilm management are becoming increasingly popular
in technology. However, all living organisms have metal response systems to maintain
essential ion homeostasis. Copper and iron are two metals necessary for life, but they can
be toxic at high concentrations. Other metals, like mercury and lead, are simply toxic
(Braymer and Giedroc, 2014). Bacteria have developed mechanisms to respond to the
changing metal concentrations in their environments and maintain metal ion
homeostasis, which is essential for all forms of life. Additional systems respond to toxic
metals and efficiently remove them from the cells.
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Response mechanisms to iron, copper, silver, zinc, platinum, arsenic, chromium,
nickel, and cadmium have been identified and described in multiple bacterial species. The
majority of metal response systems are plasmid-mediated. However, essential metal
resistance mechanisms are often chromosome based (Bruins et al., 2000). Common
mechanisms of response to metal ions include export across the plasma membrane,
sequestration by binding proteins, and change to a less toxic state by redox reactions
(Nies, 1999; Spain and Alm, 2003).
Although generally uncharacterized, Legionella has several systems involved with
metal response. A homolog to the E. coli copper response regulator, CopA, exists in L.
pneumophila. It is currently the only mechanism known to directly bind to copper in
Legionella (Gourdon et al., 2011). A mutant for hfq, an RNA-binding protein responsible
for post transcriptional regulation of gene expression (Trigui et al., 2013), exhibits
increased copper resistance, but the mechanism behind the resistance is unknown. The
role of copper in inhibition of Legionella biofilms is controversial; some studies show
inhibitory effects and others no direct effect. The L. pneumophila geome contains
numerous efflux gene islands encoding predicted metal efflux systems, as well as a
homolog to a heavy metal ion transporter (helABC) (McClain et al., 1996). The HelABC
locus codes for a tripartite efflux pump with a 43kb heavy metal efflux gene island coding
for 3 RND type metal efflux systems, commonly associated with multidrug resistance, and
5 P-type ATPases, which are known for ion and lipid transport (McClain et al., 1996). This
locus is transcribed intracellularly, but is not required for survival in amoeba or
7

macrophages (Kim et al., 2009). Other than the mechanisms mentioned, Legionella’s
metal responses are uncharacterized.
Gold and Copper
Metal response systems can be broad, responding to a variety of metals, but they can
also be very specific. Gold, copper, and silver are all group 11 cations that are similar in
ionic structure. The cuprous and aurous forms of copper and gold are so similar, that cross
reactivity with response systems occurs often. Chen and He (2004) showed CueR in E. coli
has specificity for +1 transition metals (Cu+, Ag+, Au+). As the main controller of copper
homeostasis in E. coli, when CueR is deleted, there is an increase in sensitivity to copper
and silver, but no effect was seen with gold (Checa et al., 2011). However, some bacterial
copper response systems do show cross reactivity between copper and gold due to the
high structural similarity of the ions. In S. typhimurium, GolS responds specifically to gold
ions (Espariz et al., 2007), but also has a small role in copper resistance. CupR in C.
metallidurans responds to both gold and copper (Jian et al., 2009). A recently described
operon in C. metallidurans, Rmet 4682-4685, was also found to respond to both gold and
copper (Reith et al., 2009; Weisemann et al., 2013). The genes in this operon, which we
have renamed the gold induced genes (GIG), were originally described by Reith et al.
(2009) in C. metallidurans, who showed that the four genes of this operon were
transcribed at a higher rate when gold or copper were added to the media. Dose
dependent increases in operon response, as well as increases with lengthened exposure
time, were observed.
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Environmental concentrations of gold, copper, and silver vary greatly, with copper
having the highest concentration in most environments of these metals (Table 1). All
three metals are most commonly found in soil environments. Some environments have
Table 1. Concentrations of gold, copper, and silver in the environment

Gold
Copper
Silver

Soil
0.005ppm
50ppm
0.07ppm

Fresh Water
0.0003ppm
1.3ppm
0.001ppm

Sea Water
0.000012ppm
0.0009ppm
0.0001ppm

particularly high metal concentrations. For example, acid mine drainage (AMD) sites are
notorious for having wastewater with high levels of metal ions, polluting local
environments for centuries after mining has stopped (Hao et al., 2010). While C.
metallidurans is a common component of the microbial community at AMD sites,
Legionella ranks high on the list of community members as well (Hao et al., 2010; Auld et
al., 2013; Diels et al., 2009). Soil samples from AMD polluted areas commonly culture C.
metallidurans (Diels et al., 2009). In water samples associated with AMD, Legionella
ranked as the second (Auld et al., 2013) and third (Hao et al., 2010) most abundant species
recovered by DNA analysis. In environments like this where metals are above average
levels, bacteria need metal resistance genes in order to survive.
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Horizontal Gene Transfer
Overview
Horizontal gene transfer (HGT), the transfer of genes between organisms using
methods other than reproduction, plays an important role in microbial evolution and can
permanently change host-microbe interactions. It often involves bacteriophages or
plasmids (Eisen, 2000). Three general mechanisms transfer genetic material:
transformation, involving uptake and incorporation of naked DNA; conjugation, where
DNA transfers through cell contact; and transduction, when a bacteriophage acts as the
vector and injects the encapsulated host DNA into the recipient cell (Gyles and Boerlin,
2014)
Horizontal gene transfer occurs in all environments. Studies demonstrate the
presence of all three gene transfer mechanisms in nature (Droge et al., 1999).
Conjugation occurs in a multitude of conditions, including low temperature and nutrient
depletion (Droge et al., 1999). Two requirements for transformation in natural habitats
are the induction of natural competence and the presence of free DNA (Droge et al.,
1999). In field studies, various soil habitats demonstrated conjugation, while the
aqueous habitats utilized transformation and transduction (Davison, 1999; Droge et al.,
1999). It has also been show, in natural and lab settings, that gene transfer in biofilms
occurs by means of transformation and plasmid conjugation, and is highly efficiently
(Molin and Tolker-Nielsen, 2003).
Resistance from HGT
10

Horizontal gene transfer is generally accepted as the primary means of antibiotic
resistance acquisition (Koonin et al., 2001). Metal resistance, commonly associated with
antibiotic resistance, can also be transferred between organisms via horizontal gene
transfer (Bruins et al, 1999). Lawlor et al. (1999) showed the first evidence of copper
resistance being transferred by native bacteria present in agricultural soils. Additionally,
Martinez et al., (2006) reported horizontal transfer of PIB-Type ATPases in heavy-metal
contaminated subsurface soils.
Genomic Islands
Both metal resistance genes and antibiotic resistance genes have been shown to be
located on genomic islands. Genomic islands can be transferred through horizontal gene
transfer mechanisms and exist in multiple species of bacteria. These islands, sometimes
referred to as pathogenicity islands, contain genes that code for a variety of functions,
but most are commonly associated with virulence. Some pathogenic bacteria have
genomic islands incorporated into their genome, while closely related, non-virulent
strains do not (Hentschel and Hacker, 2001) Escherichia coli UPEC 536 contains two
islands that have hye, coding for hemolysin production, and prf, which codes for pfimbrae, both of which are strong virulence mechanisms. Deletions of the pathogenicity
islands from UPEC 536 resulted in a significant decrease in virulence (Blum et al., 1994).
EPEC and Salmonella ssp. have islands with type 3 secretion systems, Shigella ssp. and
Neisseria gonorrhea islands have toxin genes, and Vibrio cholera has adhesion genes on
the islands in its genome (Blum et al., 1994).
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Three known strains of L. pneumophila carry a 65kb genomic island - Philadelphia-1,
Lp02, and Svir, all belonging to serogroup 1 (Brassinga et al., 2003). JR32, a derivative of
Philedelphia-1, lacks the genomic island (Brassinga et al., 2003; Flynn and Swanson, 2014).
This island is predicted to encode putative virulence factors, such as a type IV secretion
system. A conserved set of 4 genes originally characterized as having 50% homology to
genes of unknown function in Ralstonia solanacearum GMI1000 is also part of the island
(Brassinga et al., 2003).
Flynn and Swanson (2014) recently characterized this 65Kb genomic island as an
integrative conjugative element (ICE), or mobile section of DNA. ICEs are transposons that
encode type IV secretion systems enabling self-directed transmission by conjugation. In
addition to the type IV secretion system, ICE- βox codes for genes promoting resistance
to β-lactam antibiotic, bleach, and oxidative stress. During horizontal transfer of the ICEβox, the entire island is carried over. Horizontal transfer of the ICE-βox from Lp02 to JR32
showed the transconjugate gaining resistance to antibiotics, oxidative stress, chlorine, as
well as protection from macrophages. Gain of such resistant phenotypes suggests the
presence of ICE-βox in the L. pneumophila genome leads to improved adaption to natural
and anthropogenic water systems and increased pathogenicity (Flynn and Swanson,
2014). It is also possible that this genomic island plays a role in biofilm resistance, since it
contains genes coding for chlorine and antibiotic stress resistance.
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New Biofilm Treatment Methods
Shih and Lin (2010) showed that copper/silver ionization was effective at removing
Pseudomonas, Stenotrophomonas, and Acinetobacter biofilms in a controlled laboratory
setting. However, environmental factors that alter the efficiency of this treatment were
not taken into account. With the inefficiency of current disinfection methods in potable
drinking water systems, novel methods for biofilm treatment and prevention are urgently
needed. The use of nanoparticles presents a promising new treatment method. Silver
nanoparticles (AgNP) are commonly used as an antimicrobial agent in many products such
as athletic wear, cosmetics, and kitchen utensils. In addition to saving us from smelly socks
and tupperware, AgNPs are embedded into medical device surfaces as an anti-microbial
agent (Suresh et al., 2013; Fabrega et al., 2009; Masurkar et al., 2013; Markowska et al.,
2013; Kim et al., 2007). Hwang et al. (2012) showed that AgNPs work synergistically with
compounds such as antibiotics, increasing the efficacy of both.
AgNPs are not the only NPs being used as antimicrobials. Zinc oxide (ZnO), copper
oxide (CuO), titanium dioxide (TiO2), and iron oxide (Fe3O4) NPs have all been shown to
possess antimicrobial properties (Huang et al., 2008; Suresh et al., 2013; Ren et al., 2009;
Battin et al., 2009, Jenkins, 2014). The effects of nanoparticles on planktonic cells are well
studied, but only minimal information exists on the interaction between nanoparticles
and biofilms. AgNPs have been shown to inhibit biofilm formation of P. aeruginosa and
Staphylococcus epidermidis (Kalishwaralal et al., 2010) and to significantly reduce biomass
and volume of natural marine biofilms (Fabrega et al., 2013).
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Previously, our lab has shown that iron oxide and citrate-capped gold
nanoparticles (AuNPs) reduce overall biomass in L. pneumophila biofilms (Jenkins, 2014;
Stojak et al., 2011). Additionally, uptake of the AuNPs by individual bacteria was
documented byTEM imaging (Figure 2) (Stojak et al., 2011). AuNP uptake led us to
investigate potential genetic mechanisms for gold response in Legionella.

Figure 2. L. pneumophila Philadelphia 1 uptake/
biomineralization of 18nm AuNps. a) Control; b) after
48h exposure to 100µg/L 18nm AuNps (Stojak et al.,
2011)
We compared the sequences of the known gold responsive genes in C. metallidurans
to the Legionella genome using the Basic Local Alignment Search Tool (BLAST) and
discovered significant homology between lpg2105-2108 and the GIG operon of C.
metallidurans. Taking into consideration the limited knowledge on metal response
systems in Legionella, the aim of this study was to: characterize this novel operon to
determine if the response to the presence of gold and copper was similar to the GIG
operon in C. metallidurans; examine possible regulators of the operon – LetA, a
transcriptional phase gene regulator and RpoS, a stationary phase sigma factor required
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for persistence; investigate the effect of temperature on the activity of the lpg2105-2108
operon; and begin bioinformatic analysis of the operon in sequenced bacterial strains.
MATERIALS AND METHODS
Strains and Media
The wild type L. pneumophila strain Lp02 was cultured for three days on buffered charcoal
yeast extract agar containing 100μg/ml thymidine (BCYE-t) at 37°C and 26°C for growth
kinetics, and 26°C for biofilms. The Lp02 ΔletA mutant, was also grown on BCYE-t with the
addition of 20μg/ml kanamycin to the agar plate. Escherichia coli DH5α was grown on
tryptic soy agar (TSA) for 24 hours at 37°C and 26°C. For liquid culture, ACES (N-(2Acetamido)-2-aminoethanesulfonic acid)-buffered yeast extract (AYE) broth was used for
all Legionella strains (with antibiotics as necessary) and Tryptic Soy Broth (TSB) for E. coli
strains.
Comparison to Cupriavidus metallidurans
The nucleotide sequences for C. metallidurans Rmet4682-4685 (Janssen et al. 2010) were
downloaded from the National Center for Biotechnology Information (NCBI) nucleotide
database and used as tBLASTx queries against the Legionella pneumophila subsp.
pneumophila str. Philadelphia 1 genome (taxid:272624) (Chen et al., 2004).
Protein Analysis
The protein sequences for lpg2105-2108 and Rmet4682-4685 gathered from (NCBI) were
processed through I-TASSER (Iterative Threading ASSEmbly Refinement), which is an
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online server that predicts protein structure and function (Yang et al., 2015; Roy et al.,
2010; Zhang, 2008).
Construction of pGIG reporter gene vector
The flaA promoter of pflaG (provided by M. Swanson (Hammer & Swanson, 1999)), a GFP
reporter gene vector, was replaced with the predicted Legionella GIG promoter region
using standard cloning methods. The resulting plasmid, pGIGgfp, was naturally
transformed into Lp02. The plasmid was also transformed into E. coli DH5α, which does
not possess the operon in its genome, Lp02 ΔletA, a transmissive phase regulator
(Edwards et al., 2010), and Lp02 ΔrpoS to assess operon response.
Reporter gene response in planktonic cultures
To determine if the operon responds to gold, copper, or silver, growth kinetics and
reporter gene activity were measured at 37°C with addition of 20μM or 50μM of gold
chloride (HAuCl4) or copper sulfate (CuSO4), or 50μM or 150μM concentrations of silver
nitrate (AgNO3), and at 26°C addition of 5μM, 10μM, 20μM, or 50μM of gold chloride
(HAuCl4) or copper sulfate (CuSO4). Controls were conducted in standard growth media.
Legionella planktonic cultures were incubated for 72 hours at 150 rpm shaking with
absorbance at 600nm measured every three hours using a Genesys 6 spectrophotometer.
E. coli cultures were incubated with the addition of 20μM or 50μM of gold chloride HAuCl4
or CuSO4 at 26°C or 37°C for 24 hours with 150 rpm shaking and absorbance at 600nm
measured every hour. At each time point, the GFP fluorescence – indicative of the
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transcriptional activity - was measured at an excitation of 485nm, and emission of 528nm
with a Synergy H1 plate reader. The significance of the differences seen between
treatments and the control were determined using a Students t-test.
Reporter gene response in biofilms
L. pneumophila Lp02 pGIGgfp biofilms were formed using bacteria from a 3-day BCYE
plate inoculated into AYE to an OD600 of 0.600. Re-suspended bacteria were added to glass
petri dishes containing glass slides in 10% AYE solution and incubated for 24 hours at 26°C.
Gold or copper solutions were added to biofilms at a concentration of 20μM. Biofilms
were grown for 12, 24, 48, 72, 96, or 120 hours. The biomass of the 12 and 24 hours
treatments were measured at that time. For all other time points, after 24 hours the
supernatant was removed and replaced with 100% AYE with gold or copper solutions
where appropriate. At each time point, biofilms were washed twice with UPW to remove
non-attached bacteria. Slides were aseptically removed, briefly air dried, and then fixed
in paraformaldehyde for 10 minutes. Slides were rinsed with UPW and once dry,
coverslips were mounted using a 50/50 v/v solution of glycerol:phosphate buffered saline
(1X PBS).
Image Analysis
Biofilms were imaged using the Leica SPE microscope (Leica Microsystems, Buffalo Grove)
in the Clemson Light Imaging Facility. For each biofilm, the same settings were used on a
confocal microscope to obtain three DIC and three GFP images. Using ImageJ software,
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whole cell count measurements taken from the DIC image were applied to the
corresponding GFP image, and the intensity of GFP expression was measured. Significance
was measured using a Z-score with a 99% confidence interval.
Assessment of the GIG operon in Legionella strains
The GIG operon in L. pneumophila spans 2421 bases from nucleotide 2,352,473 to
2,354,894 in the annotated Philadelphia 1 genome and encodes four proteins of unknown
function (lpg2105-lpg2108). Five known Legionella species (Table 2, purchased from the
ATCC) were screened for the presence of each gene via PCR (Primers listed in Table 3). L.
pneumophila Philadelphia 1 and L. pneumophila JR32 were used as positive and negative
controls respectively. BLAST was used to determine the presence of the GIG operon in
sequenced L. pneumophila strains and L. longbeachea. The results were used for
construction of a phylogenetic tree to assess the relationship between the different
operons.
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Table 2. Legionella species

Species
Legionella pneumophila strain Philadelphia 1
Legionella pneumophila strain JR32
Legionella pneumophila strain Lp02
Legionella longbeachea
Legionella rubriluscens

Table 3. Primer sequences for lpg2105-2108

Primer Name
2105F
2105R
2106F
2106R
2107F
2107R
2108F
2108R

Sequence 5'-3'
TTAGGCAACATCGCCACG
ATGCTCAATAATTCGGTAGAAAC
TTATTGAGCATTATTGCCTCC
ATGCATGAATTACTTAAATTACAAG
TCATGCATTTGCTACCCC
ATGACTTTGAACCCGCTAATAG
GTCTTGCCCAACAGCGCT
CAGCAGTTGCAGCAGCGATA
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RESULTS
Comparison to Cupriavidus metallidurans
Verifying if lpg2105-2108 in L. pneumophila is homologous to Rmet4682-4685 in C.
metallidurans was the first step in determining if GIG in L. pneumophila responds to gold
and copper. After running the sequences for Rmet4682-4685 through tblastx, the percent
similarity and percent identity of the matches were calculated using the Blosum50 matrix
(Table 4). The high similarity and identity between L. pneumophila lpg2105-2108 and C.
metallidurans Rmet4682-4685 suggests that these operons are homologous.
Table 4. Similarity and identity between operon members in L. pneumophila and C.
metallidurans calculated using the Blosum50 scoring matrix, gap opening penalty of 10, gap extension penalty of -2
(Created by Dr. Christina Wells)
L. pneumophila C. metallidurans % Similarity % Identity
Lpg2105

Rmet_4682

68.6

38.7

Lpg2106

Rmet_4683

52.6

23.9

Lpg2107

Rmet_4684

68

40.4

Lpg2108

Rmet_4685

58.4

32.5

Protein Analysis
Homology does not always indicate similar function in proteins. To further
investigate if the two GIG operons have similar functions, I-TASSER was used to predict
the structures of the protein made from each individual gene (Figure 3). Lpg2105 is a
hypothetical transmembrane protein 165 amino acids in length. I-TASSER identified the
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Heliobacter pylori iron storage protein ferritin as the most structurally similar to the
predicted tertiary organization of Lpg2105. Rmet4682 is a hypothetical protein 156 amino
acids in length. I-TASSER predicts the energy-coupling factor transporter ATP-binding
protein EcfA1 in Lactobacillus brevis to be the most structurally similar protein. Lpg2105
and Rmet4682 both have 6 helices and appear similar in conformation. Lpg2106 is a
putative DNA-binding protein 259 amino acids in length. I-TASSER predicts Neisseria
gonorrhoeae as the most structurally similar and is the best template for 3D structure
prediction. Rmet4683 is predicted to be a thioredoxin 258 amino acids in length. A
putative regulatory protein involved with transcription in N. gonorrhoeae is predicted by
I-TASSER to have high structural similarity to Rmet4683. The predicted structure for
Lpg2106 and Rmet4683 are both long and full of helixes. The location of the beta sheets
(yellow/orange) along with a bend near the center of both structures are very alike.
Lpg2107 is a hypothetical protein that is 284 amino acids in length. I-TASSER used an
unpublished metal-binding protein structure from Haemophilus somnus as a template for
3D structure prediction. Rmet4684 is a hypothetical protein that is 278 amino acid in
length. The predicted protein with high similarity in structure by I-TASSER is a duf692
family protein in H. somnus. Both Lpg2107 and Rmet4684 have densely packed helixes in
their predicted structures. Additionally, a cluster of beta sheets forms in a similar location
in both structures. The final protein, Lpg2108, is 97 amino acids in length. I-TASSER used
a peptidase in Shewanella amazonensis as the protein for predicting the 3D structure.
Rmet4685 is a membrane protein that is 94 amino acids in length. I-TASSER identified a
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type IV pili gene from P. aeruginosa as the most structurally similar protein for prediction.
These two predicted proteins do not look as structurally similar as the other three pairs
do. This could be due to the notion that these are predicted transport proteins, each
having a different affinity for copper and gold. Overall, the protein prediction by I-TASSER
shows high structural similarity between the two GIG operons.

A

B

E

F

C

G

D

H

Figure 3. Preliminary tertiary protein structure predictions for (A) Lpg2105 (B)
Lpg2106 (C) Lpg2107 (D) Lpg2108 (E) Rmet4682 (F) Rmet4683 (G) Rmet4684 and (H)
Rmet4685 created by the I-TASSER online server.

Reporter gene response in planktonic cultures

Once homology between GIG in L. pneumophila and C. metallidurans was verified, we
tested the response of L. pneumophila GIG to gold, copper, and silver. Growth phase
associated expression of the lpg2105-2108 promoter was detected during planktonic
analysis, corresponding to the biphasic life cycle characteristic of L. pneumophila. We
observed an extended lag phase before exponential growth in a concentrationdependent manner when gold chloride (HAuCl4) (Figure 4A) or copper sulfate (CuSO4)
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(Figure 4B) was added to the media and therefore we compared expression based on
growth phase rather than time point. (Figure 4C). Mid-exponential, early stationary, and
late stationary growth phases were identified in individual cultures, and promoter activity
was analyzed at each time point. Two distinct levels of expression were observed. Lp02
pGIG showed a basal level of promoter activity in AYE alone during the entire experiment.
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Figure 4. Activity of pGIGgfp in L. pneumophila at 37°C. (a) Growth kinetics of L.
pneumophila with 0 (black), 20 (dark grey), and 50µM (light grey) HAuCl4 and (b) with
0 (black), 20 (dark grey), and 50µM (light grey) CuSO4 over 72 hours at 37oC. (c) GFP
expression of pGIG (black) with addition of with 20µM HAuCl4 (white), 20µM CuSO4
(horizontal stripes), 50µM HAuCl4 (grey), or 50µM CuSO4 (angled stripes) at midexponential (ME), early stationary (ES) and late stationary (LS) growth phases. 50uM
HAuCl4 inhibited L. pneumophila from reaching late stationary phase (* = p < 0.05, **
= p< 0.01, *** = p< 0.001) Data presented from three independent experiments ± SE
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Addition of gold or copper to the media significantly increased promoter activity at early
stationary phase (not seen in control cultures), continuing into late stationary phase at
both 20µM and 50µM concentrations of both metals. Promoter activity at midexponential phase was not significantly different between treatments and the control.
The addition of silver nitrate (AgNO3) to the cultures did not induce a promoter response.
However, the basal level of expression was still seen, but with no increase of expression
at stationary phase (Figure 5). The
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Figure 5. Activity of pGIGgfp at 37°C in Lp02 (black) with addition of
20µM (white), 50µM (horizontal stripes), or 150µM (angled stripes)
silver nitrate (AgNO3). Data presented are from three independent
experiments ± SE
(Complete by Jennifer Rutt)
results from the prior experiments show that expression of the GIG operon is induced by
gold and copper. With that knowledge, we next examined possible regulators of the
operon. E. coli DH5α transformed with pGIG showed no defect in growth kinetics in the
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presence of gold or copper (figure 6A, 6B). At both 37°C and 26°C, E. coli showed only
basal levels of expression in both the treatments and the control (Figure 6C). These results
suggest the potential for multiple regulators of the GIG operon, with one regulator
responsible for basal expression being present in E. coli.
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Figure 6. Activity of pGIGgfp in E. coli DH5α. Growth Kinetics of E.coli DH5α (black) with
the addition of 20µM (dark grey) or 50µM (light grey) (A) HAuCl4 and (B) CuSO4 over
21h hours at 37oC. (C) pGIGgfp expression (black) with addition of with 20µM HAuCl4
(white), 20µM CuSO4 (horizontal stripes), 50µM HAuCl4 (grey), or 50µM CuSO4 (angled
stripes) at mid-exponential (ME), early stationary (ES) and late stationary (LS) growth
phases. Data presented are from three independent experiments ± SD
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As the significant increase of GIG expression was seen with gold or copper addition
at 37°C during stationary phase we investigated known regulators of stationary phase
gene expression. Mutants for the stationary phase regulators LetA and RpoS were
transformed with pGIGgfp. The two-component regulatory system LetA/S induces the
expression of virulence and transmission traits at stationary phase in L. pneumophila
(Edwards et al., 2010). The Lp02 LetA mutant (ΔletA )transformed with pGIGgfp showed
delayed entry into exponential phase similar to that of Lp02 pGIGgfp. No significant
differences in operon activity after addition of gold or copper were seen in the Lp02 ΔletA
pGIGgfp strain (Figure 7). A second stationary phase regulator, RpoS, was described by
2000
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Figure 7. Comparing pGIGgfp activity at 37°C of L. pneumophila ΔletA to the wild
type. Control (media only) in Lp02 (black) and Lp02 ΔletA (lattice), with addition of
20µM HAuCl4 to Lp02 (white) and Lp02 ΔletA (diamonds), or 50µM HAuCl4 to Lp02
(grey) and Lp02 ΔletA (dots) at mid-exponential (ME), early stationary (ES), and late
stationary (LS) growth phases. Data presented are from three independent
experiments ± SE
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Bachman and Swanson (2001) as a stationary phase sigma factor that regulates virulence
in response to growth conditions. The pGIGgfp plasmid was transformed into an Lp02
RpoS mutant (ΔrpoS) and a similar trend of delayed entry into exponential phase was seen
in this strain as well. No significant difference in GPF expression levels was observed at
mid-exponential phase between the strains (Figure 8). However, at early stationary phase,

rpoS pGIGgfp without any metal added to the media showed a significantly higher level
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Figure 8. Comparing pGIGgfp activity at 37°C of L. pneumophila ΔrpoS to the wild
type. Control (media only) in Lp02 and Lp02 ΔrpoS with addition of 20µM HAuCl4
or CuSO4, and 50µM HAuCl4, or CuSO4 at mid-exponential (ME), early stationary
(ES), and late stationary (LS) growth phases. Data presented are from three
independent experiments ± SE * P>0.001
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of promoter activity than the wild type (P<0.0001). The promoter activity of ΔrpoS
pGIGgfp exposed to 20µM CuSO4 was significantly lower (P<0.0001) than the wild type.
Similarly, at late stationary phase promoter activity in ΔrpoS pGIGgfp without metals
present was significantly higher than the wild type (P<0.001) and 20µM CuSO4 treatments
significantly differed (P<0.001) with the wild type showing less activity.
When the experiments were conducted at 26°C, both the 20µM and 50µM
concentrations of HAuCl4 inhibited growth of the bacteria (Figure 9A). Reduced HAuCl4
concentrations of 5 µM and 10 µM were then used (Figure 9B). With the lower HAuCl4
concentrations, a similar delay of entry into exponential phase was seen when compared
to the 37°C growth pattern, however the promoter activity pattern was quite different
(Figure 9C). The only treatment showing a significant difference when compared to the
control was the 5µM concentration during early stationary phase.
Reporter gene response in biofilms
L. pneumophila primarily persists in the environment as a biofilm, which cannot
be divided into simply replicative and transmissive phases, but rather goes through a nonsynchronous establishment, maturation, and dispersal cycle. In order to determine if the
lpg2105-2108 operon is transcribed in Legionella’s natural state, Lp02 pGIGgfp biofilms
were grown and exposed to gold or copper. Analysis of the biofilm at different stages
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Figure 9. Activity of pGIGgfp in Lp02 at 26°C. (A) Growth kinetics of Lp02 (black) with
20µM (dark gray) and 50µM (light gray) HAuCl4 (B) Growth kinetics of Lp02 (black) with
5µM (dark gray) and 10µM (light gray) HAuCl4 (C) GFP expression of pGIG (black) with
addition of 5µM (dark gray) and 10µM (light grey) HAuCl4 at mid-exponential (ME),
early stationary (ES) and late stationary (LS) growth phases. *p=0.0133 Data presented
from five independent experiments ± SE
during biofilm development revealed a significant increase in promoter activity when gold
or copper was added to the biofilm growth media (Figure 10). Confocal images of the
biofilms showed an increase in GFP intensity when gold or copper were added to the
biofilms. We quantitatively analyzed the images using the software ImageJ to measure
the changes in intensity. We saw a similar basal level of expression to that present in
planktonic cultures in the control biofilms. At 24h, a significant increase in GIG expression
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to both gold and copper was observed. At 72h, an increase due to gold exposure was seen
but not to copper.
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Figure 10. Analysis of pGIGgfp expression above basal level in L. pneumophila
biofilms (black) with the addition of 20µM HAuCl4 (white) or CuSO4 (stripes). Data
presented are from three independent experiments ±SE **=P<0.01

Assessment of the GIG operon in Legionella strains
Based on sequenced strains, the operon appears to be rare in the Legionella genus,
existing in only 3 known strains. Additional analysis confirmed this with only Phil1 and
Lp02 possessing the full operon (Figure 11). Legionella pneumophila Philadelphia 1 and
Lp02 contained all four genes of the GIG operon. Apart from L. rubriluscens, which has a
copy of lpg2105, the remaining species showed no evidence of any of the GIG genes.
However, multiple homologs of the operon also exist in L. pneumophila; lpg0665-0669,
lpg0671, 0673, 0675, 0676, and lpg2253-2255 (Figure 12).
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Figure 11. PCR of lpg2105-2108 on different Legionella strains (A) lpg2105 (B) lpg2106 (C)
lpg2107 (D) lpg2108.
(-) Negative Control; 1 - L. pneumophila Philadelphia 1;
2 - L. longbeachae; 3 - L. rubrilucens; 4 - 130B; 5 - L. pneumophila JR32; 6 - L. pneumophila
Lp02; 7 - serogroup 1 strain; 8 - serogroup 3 strain; 9 - serogroup 4 strain; 10 - serogroup
8 strain
(Completed by Jennifer Rutt)
Species within the Legionella genus appear to contain multiple paralogous copies
of the operon, which group into four distinct clades. The lpg2105-2108 operon in L.
pneumophila Philadelphia 1 is more closely related to an operon from L. longbeachae
than to other homologous operons in the L. pneumophila genome. Our lab is currently
screening an uncharacterized library of Legionella isolates from the Centers for Disease
Control using PCR (provided by Dr. Clarissa Lucas). Of the 60 isolates, seven are positive
for lpg2106, while 24 are positive for lpg2107. These preliminary results support that
Legionella species containing the whole operon are uncommon.
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Figure 12. Phylogeny of Legionella strains containing homologs of the
GIG operon. 1 indicates the GIG operon lpg2105-2108 . Strains with 2
are homologs of lpg0665-0669 and 3 are homologs to lpg0671, 0673,
0675, 0676 (Constructed by Dr. Christina Wells)
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DISCUSSION
Biofilms exist in any moist environment. Not only are they difficult to remove
mechanically (washing, scrubbing, etc), but they are also highly resistant to disinfection
treatments employed in water systems. Legionella pneumophila persists in the
environment as a biofilm, making the control of this opportunistic pathogen difficult. The
disinfectants used in water systems have difficulty penetrating deep enough into the
biofilm so that all cells are affected. Even if one bacterium survives, it can go on to
repopulate the biofilm, which can lead to disease outbreaks. Chlorine is the most
commonly used treatment for water supplies, but is not 100% effective at eradicating
bacteria. Many species of bacteria are resistant to chlorine treatment, especially when
they reside within a biofilm.

Copper/silver ionization is a popular method used in hospitals and other
establishments where there are large amounts of water being recirculated. This method,
which uses electrical charges to release copper and silver ions into the water, is
considered by experts as the most effective water disinfectant for treating Legionella
(Stout and Yu, 2003; Lin et al., 2011). Not only is it less corrosive to piping that other
methods like chlorine and bromine, but copper/silver ionization can penetrate deep into
the biofilm matrix. In 1998, the US National Nosocomial Infections Surveillance system
used copper/silver ionization in 12 out of 38 hospitals that were instituting disinfection
measures. After the success seen in those systems, over 300 additional hospitals
implemented copper/silver ionization for Legionella control (Lin et al., 2011).
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There are reports of copper/silver ionization being ineffective against Legionella,
however, many of the “failures” can be attributed to incomplete system maintenance and
monitoring practices (Rohr et al., 1999; Mathys et al., 2002). It has been shown that
elevated pH and low ion concentrations compromise the effectiveness of the ionization
(Lin et al., 2011). In Germany, the maximum silver concentration in drinking water is
0.01mg/L, which is well below the recommended concentration from the manufacturer
for effective treatment. This concentration limit explains why two German hospitals
utilizing copper/silver ionization were unable to control Legionella in their water systems.
A French hospital also reported failure of their ionization system, however, phosphates
were added to the system for corrosion control, which can interfere with the ionization
efficiency. (Lin et al., 2011)

Manufacturers typically recommend intense maintenance plans, including monitoring
of copper ion concentration weekly and silver concentration every 2 months, in addition
to testing for Legionella positive isolates. Although effective when used properly, the
fickle nature and laborious maintenance required of copper/silver ionization systems
lends itself to numerous interfering factors rendering it inefficient. The lack of information
on the bacterial response to metals also hinders effective implementation of disinfection
strategies. Based on the persistence of Legionella in the presence of this metal based
disinfection treatment, we investigated a novel metal response operon in L. pneumophila.
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The GIG operon in L. pneumophila demonstrates a similar response to gold and copper
as seen in the GIG operon of C. metallidurans (Reith et al, 2009). The results from the
planktonic analyses showed that in the presence of gold and copper ions, the GIG operon
increases promoter activity. When the pGIGgfp plasmid was transformed into E. coli
DH5α, the basal level of activity seen in Lp02 pGIGgfp was present, but there was not a
significant increase of promoter activity when gold or copper were present in the media.
This suggests that there may be multiple regulatory mechanisms for the GIG operon in L.
pneumophila, and the regulator(s) of increased expression in response to gold and copper
are absent in E. coli. No regulatory analysis has been conducted in C. metallidurans.

Previous transcriptomic work showed expression of the operon during amoebal
infection, indicating that the operon is highly expressed in transmissive, infectious stage
cultures and less in replicative stage (Figure 13, (Weissenmayer et al., 2011)). It has been
shown that genes, such as rpoS, csrA, flaA, and letA, are activated at different growth
phases in Legionella’s life cycle, each contributing differently to the increased virulence
seen in stationary phase (Shi et al., 2005;). csrA, letA, and rpoS are global regulators of
gene expression in the switch between Legionella’s biphasic life cycle, also referred to as
the idiophase (Molofsky et al., 2003; Hamer et al., 2002).

Stationary phase regulators were investigated because the significant increase of GIG
expression was seen during stationary phase. The first regulator investigated was the twocomponent global regulator LetA/S. This regulatory system is an activator of transmission
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Figure 13. Expression of the GIG operon during replicative and transmissive
growth phases of L. pneumophila in Acanthamoebae castellanii (data from
Weissenmayer et al., 2011)
phase genes, including, but not limited to, mip (macrophage infectivity protein), dot/icm
T4SS, and flaA, which are all involved in virulence (Shi et al., 2005; Rasis and Segal, 2009;
Hammer et al., 2002; Edwards et al., 2010). When letA is deleted from the Legionella
genome, virulence is significantly inhibited (Hammer et al., 2002). The lack of change in
promoter activity in Lp02 ΔletA pGIGgfp compared to Lp02 pGIGgfp seen here, indicates
that LetA is likely not regulating expression of the operon. A search for the conserved LetA
promoter binding sequence was negative, further supporting the lack of regulation of this
operon by LetA. However, analysis of Lp02 rpoS showed something different.

RpoS, a stationary phase sigma factor, is primarily found in beta- and gammaproteobacteria. In E. coli, RpoS is responsible for the survival of acid, heat, oxidative
stress, starvation, and UV exposure (Dong and Schellhorn, 2010). In Legionella, RpoS
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represses motility, infectivity, and cytotoxcicity during exponential phase, and
upregulates them during stationary phase (Bachman and Swanson, 2004; Dong and
Shellhorn, 2010). It is required for expression of virulence traits and growth within
amoebae (Hales and Shuman, 1999). RpoS functions as an adaptation factor in response
to stressors in the environment that “regulates the regulators” such as LetA/S, FliA, letE,
and LqsR (Dong and Schellhorn, 2010; Tiaden et al., 2007). Since RpoS is pivotal in the
switch from exponential to stationary phase, it was a prime candidate as a possible
regulator of the GIG operon.

A significant increase of promoter activity was seen in ΔrpoS compared to the wild
type in the absence of gold or copper ions. While the results from the Lp02 ΔrpoS analysis
do not definitively demonstrate that RpoS is the regulator of gold and copper response
for the GIG operon, as the majority of the treated cultures showed no difference in
expression when compared to the wild type treated cultures, the increase of expression
in the mutant during stationary phase is still interesting. Without the presence of gold,
the promoter in the ΔrpoS is turned on, suggesting the RpoS may play a role in the
exponential phase repression of the operon. The lack of difference in later phases though,
suggest a different regulator for induced stationary phase expression of the operon.
These data support the theory that there are multiple regulators for this operon, one for
basal expression, and one for gold/copper response. RpoS could be involved with
repressing the basal level of expression of the operon. RpoS regulates only some of the L.
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pneumophila virulence traits (Bachman and Swanson, 2001), therefore examination of
other regulators is necessary. Investigations into mutants of fliA and letE, which also
coordinate differentiation from replicative phase to transmissive (Hammer et al., 2002;
Bachman and Swanson, 2004), as well as csrA, a global regulator responsible for the
repression of transmission phase genes and activation of replicative phase genes (Shi et
al., 2005), may lead to a better understanding of how this operon is controlled.

Interestingly, temperature had an effect on both operon activity and bacterial
sensitivity to gold. Planktonic cultures grown at 26°C were inhibited by the 20µM and
50µM concentrations. When grown in 5µM or 10µM HAuCl4, growth patterns were
similar to that of the 20µM and 50µM concentrations at 37°C. Temperature regulation is
not uncommon in Legionella. Piao et al., (2006) showed that biofilms form differently
depending on the temperature and surface material. On glass and polystyrene, L.
pneumophila biofilms had higher yields at 37°C and 42°C than at 26°C. Alternately,
polypropylene surfaces promoted higher biofilm yields at 26°C. The biofilms formed at
37°C and 42°C resembled mycelial mats and the bacteria were filamentous in formation.
At 26°C, the bacteria were rod shaped and the biofilm formed normally (Piao et al, 2006).
Our laboratory has also observed the change in bacteria phenotypes of Legionella biofilms
(Figure 14). This temperature dependent change in phenotype suggests temperature
dependent
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Figure 14. Temperature alters the phenotype of Legionella pneumophila biofilms. (A) Biofilm
growth at 26°C are rod shaped bacteria while those grown at (B) 37°C have a filamentous
appearance.

gene regulation. Genes involved in type IV pilus biogenesis and type II protein secretion,
identified by Liles et al., (1998) were also shown to be regulated by temperature, with
increased expression at 30°C compared to 37°C. The increase of bacterial sensitivity to
HAuCl4 leads us to believe this operon could be temperature regulated. The biofilms
grown at 26°C with 20µM gold or copper showed increased resistance to the metal
concentrations compared to the planktonic cultures, with no disruption of growth seen.

Data from the planktonic experiments provides information on how individual
bacteria respond to gold and copper, however, L. pneumophila typically persists as a
biofilm in the environment. Analyses of operon expression through the different stages
of biofilm development revealed that the basal level of expression is still present, and that
there is an increase of expression at certain developmental stages when gold or copper is
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present. At 24h, the biofilm is in the attachment phase of development, and all cells of
the biofilm are exposed to the environment around them. Therefore, the operon would
be active across the biofilm providing resistance to the metal stress. This need for
resistance could explain the observed increase of expression at 24h, and the decrease
back to basal level at 48h. After 72 hours of growth, the biofilms begin stages of dispersal,
uncovering previously unexposed cells. We observed only an increase of promoter activity
in the presence of gold, not copper. It could be that other copper resistance mechanisms
in Legionella, like CopA, are responding to the continued copper presence.

Another potential explanation for the difference seen between gold and copper
treated biofilms is the theory that this operon makes an efflux pump similar to the
CusCFBA copper efflux pump in E. coli (Delmar et al., 2013). Since copper is an essential
ion, it would be continually filtered through the biofilm matrix so that the biofilm cells will
have access to it. Likely the cells would be producing efflux pumps to maintain metal
homeostasis. However, gold is not an essential ion and would be resisted and restricted
by the biofilm on the surface. At 72 hours when dispersal begins, the cells on the outer
layer of the biofilm disperse, leaving cells that were previously unexposed to the
environment responsible for resisting the golds ions. These cells would not have produced
the necessary amount of efflux pumps prior to being exposed to the gold, and therefore
would need to make them at that time.
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There is a need for new targets for the treatment of bacteria, not only in water
systems, but for bacteria in general. Bacterial resistance to antimicrobials and antibiotics
is continuously on the rise. As resistance to treatments increases, disease exposure risk
also increases. Treatment of patients will continue to become more difficult if these
resistant bacteria are responsible for the infection. Antimicrobial resistance accounts for
23,000 deaths / year, and costs the US $ 20 billion (CDC).
This operon is present in several other virulent pathogens, including a category B
biological weapon Burkholderia pseudomallei, the causative agent of melioidosis, and a
Category A bioterrorism agent, Francisella tularensis, the causative agent of tularemia.
The alignment of the GIG operon between L. pneumophila Philadelphia 1, C.
metallidurans, B. pseudomallei, and F. tularensis is shown in Figure 15. The operon in
these bacterial species is transcribed from the negative DNA strand, with all four genes in

Figure 15. Sequence alignment of L. pneumophila,
C. metallidurans B. pseudomalii, and F. tularensis
Constructed by Dr. Christina Wells
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the same order, and almost the same number of nucleotides. The presence of this operon
in F. tularensis is particularly interesting since this bacteria has a reductive genome
(Siddaramappa et al., 2013). The abundance of pseudogenes and disrupted metabolic
pathways in the F. tularensis genome are indicative of genome reduction (Larson, 2007).
The idea of “use it or lose it” can be applied to this process with genes that are nonessential to the survival of the organism being mutated or lost. That this operon has
remained intact in F. tularensis suggests an essential function to cell survival or
environmental persistence that could be exploited as a target for antimicrobials. If
transcriptional regulators could be used as a target for antimicrobials, not only would this
operon that potentially has an essential cellular function be inhibited, but many other
virulence genes controlled by the regulator would also be affected.
Identifying the function of this operon is an important aspect of determining if it
can be used as a target for antimicrobials. Preliminary analysis of the proteins using the
online 3D structure prediction server, I-TASSER, allowed us to look at how similar the
structures of the GIG operons were between L. pneumophila and C. metallidurans and
then compare those to a known copper efflux system, CusCFBA in E. coli (Figure 16).
In an attempt to gather more concrete evidence of an efflux system, we compared
the predicted structures shown in figure 3 to the CusCFBA structures (Figure 17 A-L).
Lpg2105 and Rmet4682 have a similar “flat” structure also seen in CusC, which is one of
two transmembrane proteins in CusCFBA. Lpg2106, Rmet4683, and CusB all have a long
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Figure 16. Structure of CUS efflux system in E. coli. Theorized structure
for the GIG operon (Delmar et al.,2013 Figure 1)

structure with folds and beta sheets forming in similar places. It appears that Lpg2107
and Rmet4684 are more similar to half of the CusA protein. Although Lpg2107 and
Rmet4684 are smaller in size than CusA, the dense configuration of the helixes is similar
between all three structures. It was expected for CusF to have a different structure than
Lpg2108 and Rmet4685 since they are hypothesized to be the transporter proteins that
bind to the ions. CusCFBA responds to silver and copper, but not gold (Franke et al., 2003),
while GIG responds to copper and gold, but not silver. That difference alone can be the
cause of a significant change in conformation of a protein. Overall, the structural similarity
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between the GIG operons and the CusCFBA system suggests that GIG has the potential to
be a gold/copper efflux system in L. pneumophila and C. metallidurans.
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Figure 17. Predicted Protein structures of L. pneumophila (A)Lpg2105 (B)Lpg2106
(C)Lpg2107 (D)Lpg2108 and C. metallidurans (E)Rmet4682 (F)Rmet4683 (G)Rmet4684
(H)Rmet4685 compared to the genes of the efflux pump Cus in E. coli.(I)CusC (J)CusB
(K)CusA (L)CusF . A-H from I-TASSER; I-J from Protein Data Bank (PDB)

Many studies have been conducted about the efficacy of water treatment
methods on Legionella, but few have looked at possible genetic response systems to
those treatments, specifically those involved with metal ions response. The combination
of molecular and bioinformatic techniques used in this study to examine the GIG operon
provide valuable information that is the first stepping stone on the way to understanding
of how bacteria resist toxic concentrations of metal ions. Further investigation into the
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protein structure using a variety of online software tools, analysis methods, and protein
databases for structure prediction and refinement will help determine if efflux is how the
operon functions. Future experiments using efflux inhibitors will allow further
investigation into the mechanism of the operon in response to gold and copper. Once we
know the mechanism of metal resistance, new treatment and disinfection methods
targeted to thwart the mechanism can be developed, leaving the cells vulnerable to metal
based treatments.
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